We examined cerebral activation patterns with positron emission tomography (PET) in 12 righthanded normal volunteers while they were completing simple calculation tasks or merely repeating numbers. Using a parametric experimental design, during calculation we found activation in the medial frontal/ cingulate gyri, left dorsolateral prefrontal cortex, left anterior insular cortex and right anterior insular cortex/putamen, left lateral parietal cortex, and the medial thalamus. Number repetition engaged bilateral inferior sensorimotor cortex, bilateral temporal areas, and left inferior frontal cortex. These results suggest a functional anatomical network for simple calculation, which includes aspects of attention, auditory, and motor processing and the phonological store and articulatory loop components of working memory; they add some support for a special role of the parietal cortex in calculation tasks.
INTRODUCTION
The manipulation of numbers is a fundamental ability involved in a wide range of daily or important activities, including the estimation of quantities, telling the time, paying for shopping, and preparing research budgets. Despite their centrality to everyday life, little is known about how the brain processes calculations. It is clear, however, that calculating is a complex process involving several cognitive domains. Most of our understanding of the neuropsychology of calculation comes from studies of brain damaged people. The generic term acalculia (Henschen, 1919) covers a wide range of different impairments in the performance of arithmetic. Hecaen et al. (1961) distinguished between three basic forms of acalculia. These were: anarithmetia in which there is a primary impairment of number processing (adding, subtracting, multiplying, and dividing); alexic and/or agraphic acalculia in which errors arise from a primary reading and/or writing impairment; spatial acalculia which is characterized by spatial disorganization in written calculation.
In more recent times other models of the cognitive processes engaged in number processing have emerged (McCloskey et al., 1985; Deloche and Seron, 1987; Dehaene, 1992 ). These models have been developed through detailed examination of a range of cases that have demonstrated that the three-way descriptive classification of Hecaen et al. (1961) cannot encompass the wide variety of described calculation impairments .
How and where numbers are processed in the brain seems to depend on the nature and complexity of the cognitive task (see, for example Ashcraft, 1992) . When expressed precisely numbers may be represented visually or verbally. When English is the native language the visual representation may be either in Arabic numerals (e.g., 5, 27) or words (five, twenty-seven). Most research suggests that the operations of very simple arithmetic involving addition, subtraction, division, and multiplication are memorized and retrieved from a lexicon held in long-term explicit semantic memory and that this store is accessed automatically (Ashcraft, 1992; Dehaene, 1992) . Not surprisingly, there is evidence that the manipulation of numbers engages language and memory among other cognitive processes (McCloskey et al., 1985; Dehaene, 1992; Cohen et al., 1994; Baddeley, 1995) . There is also clear evidence from reaction time studies that the more complex cal-culations are, the more cognitive space they take up, and the more memory capacity is assigned to them (Ashcraft, 1992) . Presumably, in at least some situations, the involvement of more cognitive processing would lead to more neural activity being observed.
The model of McCloskey and associates distinguishes between the acts of number processing and calculation, proposing number comprehension, and production systems, both with access to a separate calculation system (McCloskey et al., 1985; Caramazza and McCloskey, 1987; McCloskey and Caramazza, 1987) . Simple number repetition engages phonological input and output lexicons as well as syntactic processing mechanisms. Individual number words or elements gain lexical access and then syntactic processing allows the determination of the relations between elements. For instance, the comprehension of 47 entails the selection of the separate elements 4 and 7 and syntactic ordering into correct sequence. Calculation involves the same components of the comprehension and production systems, but unlike number repetition, also entails processing of arithmetic operations, retrieval of arithmetic or table facts, and execution of the calculation. It is proposed that the mathematical symbols or words that identify the arithmetic operation are first processed (e.g., the addition symbol, ϩ). Second, the accessing of arithmetic or table facts takes place (e.g., 12 ϩ 9). Third, the calculation procedure is executed (e.g., the sum of 12 ϩ 9, namely 21, is retrieved). On this model all number processing, including number repetition, must engage a component of semantic representation. The study of acalculia has shown that selective calculation impairments are associated with the three proposed components, and in different patients the defects in calculation are dissociated (McCloskey et al., 1985; Caramazza and McCloskey, 1987; McCloskey and Caramazza, 1987) . In this model all calculation processing including number repetition must engage a semantic system. However, studies of speech production have pointed to an additional asemantic route in repetition tasks (McCarthy and Warrington, 1984) . McCloskey (1992) and others (Deloche and Seron, 1987; Cohen and Dehaene, 1991 ) also acknowledge the possibility of an asemantic route for number processing. Cipolotti (1995) proposed a multiroute model with an asemantic route for reading aloud Arabic numerals in which the Arabic numerals are translated into spoken number names without computing a semantic representation. It is therefore likely that number processing involves a modified version of McCloskey's (1992) model, where selection of a sematic or asemantic route is determined by the task demands and that they may be mutually exclusive (Cipolotti and Butterworth, 1995) . Dehaene and Cohen's (1995) model of number processing holds that the task (e.g., 6 Ϫ 2) first requires that the arithmetic details are transformed into a verbal (phonological) code to access the appropriate arithmetic fact which is stored in long term memory (e.g., /six minus two/). This phonologically coded representation is directly linked to routines for parsing auditory or written sequences of number words and to output routines for writing or speaking numbers. During mental arithmetic verbal working memory is required to retain the numbers, operations, and intermediate results. Digits and operations may also be visualized and imaged in visual working memory using the visuospatial scratchpad (Baddeley, 1986) .
We report a study designed to determine the regions of the brain engaged during mental arithmetic (addition, subtraction and division) and number repetition tasks, using H 2 15 O positron emission tomography (PET) to measure relative regional cerebral blood flow (rCBF). Our study was concerned with isolating primary aspects of calculation from comprehension and production. Consequently, our methodology employed the auditory system for presentation of stimuli and the speech production system for response. We used the parametric methodology (SPM96) (Friston et al., 1995) in which areas of cerebral activation are linearly correlated with a parametric measure of different task requirements (in this case the proportion of mental calculations required in each PET trial). The essential difference between parametric and subtraction designs is that, in the former, the components of a cognitive task are treated as dimensions that can be engaged in a graded fashion depending on task demands rather than as categorical entities. Since parametric designs do not rely on the assumption of pure insertion they may be a more robust technique for investigating the neural bases of higher cognitive processes such as mental arithmetic.
METHODS
Twelve right-handed subjects (mean age 48 years; range 27 to 67 years) who had no left-handed first degree relatives participated. There were six males and six females. All subjects had more than 13 years of education, and all, except for one male who was a fluent English speaker and had lived in Australia for more than 20 years, were first-language English speakers. Subjects had average to high range mathematical abilities as determined by the Test of Employment Entry Mathematics (TEEM), a standardized test of numerical ability (ACER, 1992) . Informed written consent was obtained from each subject prior to the commencement of the study, which was approved by the Human Ethics Committees of both the University of Sydney and the Austin Repatriation Medical Centre in Melbourne. The total radiation dose per subject was 4.4 Ϯ 0.4 mSv (Smith et al., 1994) , under the 5 mSv limit for normal volunteers, as set by the National Health and Medical Research Council of Australia.
Experimental Tasks
Two conditions, a number repetition condition and a calculation condition, were presented to each subject. The repetition condition required the subject to respond verbally to a simple instruction involving repetition, such as "now say twenty-six" or "now please say a seven." All the required responses were numbers between 1 and 30. The prerecorded instructions were presented using a high quality tape recorder (Marantz Stereo Professional Portable).
The calculation condition required the subject to calculate and respond verbally, using mental arithmetic, the solution to simple numerical problems. Tasks were additions (e.g., "sixteen plus six"), divisions (e.g., "fifteen divided by three"), or subtractions (e.g., "thirteen minus seven"). All the required responses were also numbers between one and thirty.
Over the whole experiment each subject was presented with the same 192 stimuli (96 repetitions, 96 calculations). Each stimulus presentation and response in the repetition condition was matched for syllabic length with a stimulus and response in the calculation condition. Thus the repetition stimulus "say eighteen" and the calculation stimulus "six plus twelve" are identical in syllabic length, and the correct response for each condition is "eighteen." In this way, subjects heard and spoke the same quantity of material in each condition. The time interval between presentations, the acoustic intensity (with an average acoustic intensity level of 80 dB) and the fundamental frequency were all the same between repetition and calculation.
There were 13 scans comprising eight calculation, four repetition, and one rest scan without any auditory instructions. The eight calculation scans contained varying proportions of calculation and repetition stimuli. Within each calculation scan the number of calculation and repetition tasks ranged from 0 to 16 in increments of 2. Thus a calculation scan could have 16 calculation tasks and 0 repetition tasks, 14 calculation tasks and 2 repetition tasks, and so on, such that the percentage of instructions requiring a mental calculation ranged from to 100 to 12.5% in 12.5% steps. Each stimulus-response pair in the calculation condition was presented at the rate of one instruction per 6 s. The 13 scans were presented in random order across the 12 subjects and the presentation order of stimuli within each scan was also randomised. For the four repetition-only scans, the stimuli were presented at one of four presentation rates: namely one instruction per 12 s, one per 6 s, one per 4 s, and one per 3 s.
PET Scanning
Relative rCBF was measured by recording the distribution of cerebral radioactivity following intravenous injection of H 2 15 O into one of the veins of each subject's left forearm. PET scans were acquired for each subject using a Siemens-CTI 951/31R scanner operated in three-dimensional mode. The scans were reconstructed using a standard image reconstruction algorithm (Kinahan and Rogers, 1989 ) and a Hanning filter with a cut-off frequency of 0.45 cycles/pixel. Each scan consisted of two acquisition frames lasting 30 s (background frame) and 100 s (foreground frame), respectively. Data from the background frame were decay corrected and used to correct the foreground frame for residual radioactivity from the preceding scan. The 70-s H 2 15 O infusion (mean activity per infusion 350 MBq) using a highly reproducible automated water generator (Tochon-Danguy et al., 1995) produced a monotonically increasing brain count rate for approximately 100 s. The scanner acquisition was commenced in order to synchronise the beginning of the foreground frame with the increasing brain count rate. The 96-s paradigm was commenced 5 s prior to the start of the second acquisition frame. A high resolution magnetic resonance (MR) scan (Seimens Magnotom 4000 1.5T, magnetization prepared rapid acquisition gradient echo (MPRAGE) protocol; TR ϭ 12.5 ms, TE ϭ 5 ms, flip angle ϭ 10°) was also acquired for each subject.
The reconstructed data volume measured 128 by 128 by 31 voxels, with a voxel size of 2.43 by 2.43 by 3.375 mm. An automated image registration algorithm (AIR 3.0) was used to align the second and subsequent PET image to the first PET image for each subject, using a rigid body (six degrees of freedom) transformation (Woods et al., 1997a,b ). An average PET image for each subject was formed by summing the 13 individual PET scans. Each subject's MR image was edited to remove the scalp and other brain coverings using ANALYZE AVW 2.0 (Biomedical Imaging Resource, Mayo Foundation, Rochester, MN) (Hanson et al., 1997) . Each subject's average PET image was then aligned to the corresponding segmented MR image using a 6 df alignment algorithm (AIR 3.0) as the absolute voxel dimensions of the PET and MR images had previously been independently measured.
Each subject's segmented MR image was also aligned to a standard MR image using a 168 df nonlinear algorithm (AIR 3.0). The standard MR image had been chosen from a group of normal MR images because of its close similarity to the gross dimensions and features of the brain used in the atlas (Talairach and Tournoux, 1988) . The three alignment transformation matrices generated by AIR 3.0 were then combined and applied as a unique transformation for each of the 156 PET images. The effect of this process was that each individual image for each subject was resampled only once in order to be transformed into Talairach space, sampled at a 2.0 by 2.0 by 4.0-mm voxel size. The transformed images were smoothed using a three dimensional 12-mm full-width-at-half-maximum Gaussian blurring function (AIR 3.0). The images were then masked to remove extra-cortical signal having an intensity of less than 5% of the maximum image voxel value, using an externally collapsing algorithm. The average of the 12 individual MR images after nonlinear transformation to Talairach space was also computed.
Statistical parametric mapping (SPM96) was used to identify voxels that showed a statistically significant correlation between rCBF change and the proportion of calculation (analysis of calculation scans) and the rate of repetition (analysis of repetition scans) (Friston et al., 1995) . A multistudy covariate design with one subject per study was used, as this allows for intersubject scaling of global CBF differences. The standard SPM study-specific ANCOVA (analysis of covariance) normalisation of global CBF was applied. The percentage of calculation tasks in a scan was entered as the covariate of interest for the calculation analysis, while the rate of repetition stimuli was entered as the covariate of interest for the repetition analysis. Statistical images of the regions of significant correlation were calculated separately for the calculation condition and for the repetition condition. Significant correlations were chosen after a correction for the number of independent resolution elements (resels) throughout the brain volume. The resel calculation was determined using the SPM smoothness estimator (Friston et al., 1994) . Significant areas of activation during the calculation and repetition conditions were defined as those having a Z score Ͼ 3.95 (P corr Ͻ 0.05).
The statistical images were color coded using ANA-LYZE AVW and then overlaid onto the average MR image to produce a combined PET/MR image suitable for visualization.
RESULTS
All subjects completed the TEEM mathematics test (ACER, 1992) . Their range of scores was 33 to 100% (mean 81.4%; the average range of percentile ranks for the general population is 23-76%). Consistent with this average to high range mathematical ability all 12 subjects completed the 96 mental calculations with an average error rate of 4.0% (range 0 -7.3%). No errors were detected for the repetition task.
The study found different networks of significant brain activation for calculation and repetition. For the calculation condition (Table 1 and Fig. 1A ) the major regions of brain activation were observed in: the medial frontal/anterior cingulate gyri corresponding with Brodmann areas (BA) 8, 6, and 32; the medial thalamus; the left dorsolateral prefrontal cortex corresponding with BA 9 and 44 (part of Broca's area); an area that includes the right anterior insula/putamen; the left anterior insula; and an activation in the left lateral parietal cortex involving BA 7, 39, and 40.
For the number repetition condition (Table 2 and Fig. 1B ) significant brain activation was observed in: the left inferior frontal cortex bordering BA 6 and 44 (Broca's area); bilaterally in the posterior superior temporal gyri (BA 22, 42, and 41), which we take to be the primary and secondary auditory cortical areas; the left and right inferior sensorimotor cortex (BA 4 and 3), taken to be the mouth primary motor cortex; and an activation in the deep left posterior middle temporal cortex (BA 21).
DISCUSSION
We shall discuss the number repetition results before considering the implications of our results for neural processing underlying calculation.
Number Repetition
For the classical Wernicke-Lichtheim-Geschwind model repetition takes place via the association fibers of the arcuate fasciculus connecting Wernicke's and Broca's areas. This perspective is partially supported by contemporary lesion data (Berthier, 1999) , where damage to this route often underlies conduction aphasia, of which the primary and pivotal symptom is a repetition impairment. On standard cognitive neuro- Note. BA, Brodmann areas are given where possible, identified by reference to the atlas of Talairach and Tournoux. "Low calculation" and "high calculation" refer, respectively, to the 0 and 100% calculation conditions (see Methods).
psychological models repetition can take place via different routes: there is a direct route from heard input to speech (the route used to repeat unfamiliar or nonwords), by direct phonological decoding and encoding; and more directly a route that entails the additional engagement of the semantic system (Ellis and Young, 1988) .
During repetition subjects attended to continuous speech of between two and eight syllables over a variety of carrier phrases, before repeating the required FIG. 1. Areas of significant cerebral activation determined for the calculation (A) and repetition (B) conditions superimposed onto the average MR image of the subject group. The color scale depicts the Z score range for the SPM images as indicated, with the associated probability limits shown after correction for the multiple nonindependent comparisons throughout the brain volume for Z scores greater than 3.95. Note. BA, Brodmann area, identified by reference to the atlas of Talairach and Tournoux. "Low repetition" and "high repetition" refer, respectively, to the 1 per 12-s and 1 per 3-s repetition conditions (see Methods).
number. Consequently, we would anticipate some activation of areas associated with attention, and with auditory and motor processing, and our results essentially confirmed our expectations. The activation sites for repetition were in the left inferior frontal cortex (BA 6/44) and both posterior superior temporal gyri (BA 22/42/41), essentially the same as sites found in the PET study of (Paulesu et al., 1993) during subvocal rehearsal of letter names. Zatorre et al. (1992) found bilateral superior temporal activation during repetition of syllables, as did Sidtis et al. (1999) , although the task used by Zatorre et al. would seem to entail more phonological analysis by the subjects than ours. However, consistent with our view of the demands of the repetition task, our subjects did not activate BA 40, suggesting a negligible or very low level use of the phonological storage component of verbal working memory. We will consider the role of working memory in simple calculation further below.
On McCloskey's model, even the simple repetition of numbers should access phonological input and output lexicons and syntactic processing, and all processing of numbers, even repetition, should activate a semantic representation McCloskey, 1992) . Given the well known functions associated with left superior temporal and the Broca's area activation, our findings lend support for some engagement of phonological input and output mechanisms in number repetition and at least to beginning and end sites of the classical Wernicke-Lichtheim-Geschwind repetition route. However, we only observed activation in some of the brain areas that have been associated with semantic processing of words [left medial and inferior temporal (Habib and Demonet, 1996) ] or numerals [mainly bilateral intraparietal sulci (BA 7), right temporal gyrus (BA 37), and left precentral gyrus (BA 4) (Thioux et al., 1999) ]. For our number repetition task, therefore, a not unexpected network was engaged that included bilateral auditory and motor areas and speech production areas.
Calculation
Our calculation task involved holding an arithmetic problem in working memory, while either accessing tables or using an arithmetic rule. We had excluded multiplication from our tasks in order to reduce dependence on rote learnt tables. We also controlled the number of syllables heard and spoken throughout all calculation scans so that the auditory and motor areas would not show differential activation. Although one can never be certain of the precise strategies that subjects use to perform cognitive tasks, in this experiment the subjects' educational levels and facility in calculation makes it possible that they accessed arithmetic tables of solutions (arithmetic facts), to complete many of the calculation tasks.
Cingulate and Medial Frontal Activation
Various PET and fMRI studies of calculation have found activation in the cingulate cortex (see Badgaiyan and Posner, 1998 for recent review). Costello et al. (1997) found significant activity in the right anterior cingulate at Talairach coordinates (4, 6, 40) when subjects gave oral answers to visually presented simple calculations involving the four basic arithmetic operations. The tasks used were of comparable complexity to ours, but we used auditory presentation and excluded multiplication. Costello et al. concluded that the retrieval of arithmetic facts from tables relies on the selection of appropriate motor programs mediated by the cingulate. Thioux et al. (1999) found significant left posterior cingulate (BA 31/23) activation during a semantic comparison task (deciding whether a numeral was larger than five or not) and significant right anterior cingulate (BA 32) during a numeric classification task in which subjects classified numerals as even or not.
Inspection of our own calculation data suggests that the signal is in the medial frontal/cingulate cortex (Talairach coordinates of Ϫ2, 8, 52). found activation that they described as being in the cingulate, but in an unusually anterior location (Talairach coordinates of Ϫ8, 60, 16), when exact arithmetic tasks were compared with approximate tasks. However, when other analyses were done, activation was found in the cingulate at locations more comparable with ours [all of their calculation tasks compared with the letter control task gave Talairach coordinates of Ϫ8, 32, 52 and Ϫ4, 24, 56; large problems versus small problems gave activations at Ϫ8, 20, 52 and 8, 28, 36 (Dehaene, personal communication) ]. In an earlier PET study, involving both number comparison and multiplication tasks, Dehaene et al. (1996) found bilateral supplementary motor area (SMA) activation. The SMA is near our medial frontal/cingulate region although, in contrast to our study that required verbal responses, subjects in the Dehaene et al. (1996) study internalised their answers.
Other functional imaging studies over a range of tasks have also led to cingulate activation. Vandenberghe et al. (1997) used PET to examine subjects attending to one or two features of a visually presented stimulus and observed bilateral anterior cingulate as well as premotor and parietal activation. In addition, Stroop studies (Bush et al., 1998; Peterson et al., 1999) , auditory-verbal memory tasks (Fletcher et al., 1995) , and selective and divided attention tasks (Corbetta et al., 1991) have all reported cingulate involvement. Cingulate activation has also been identified in error detection (Badgaiyan and Posner, 1998; Botvinick et al., 1999) , response selection (Devinsky et al., 1998) , and response modality choice (Turken and Swick, 1999) .
Elements of most of these cognitive tasks can be found in the performance of mental arithmetic. Selective attention, auditory-verbal memory, and response selection are all required to attend to an aurally presented calculation task, hold the necessary steps in memory, give an answer and detect errors (all our subjects reported instant recognition of errors even at the point of articulation). Overall, therefore, it seems possible that the medial frontal/cingulate gyrus activity in this and other mental arithmetic studies may not reflect a calculation-specific role for this area of cortex. In our view it more probably reflects general cognitive requirements common to the range of studies that have reported cingulate activation, namely attention, executive functioning of working memory, decision making, and response selection and monitoring.
Parietal Activation
We observed significant activation of a left lateral parietal area involving BA 7, 39 (angular gyrus), and 40 (supramarginal gyrus). The left inferior parietal region, including the anterior supramarginal gyrus, has been identified in a range of studies as a frequent lesion site for acalculia (Gerstmann, 1930; Benson and Weir, 1972) ; see also Kahn and Whitaker (1991) for a review. Thioux et al. (1999) found activation in the intraparietal sulci (BA 7) bilaterally during semantic processing of numerals (classification and comparison) using PET. also found angular gyral as well as lateral parietal activations. The activation that we observed in this area for calculation, but not for number repetition, might reflect both the symbolic processing of numbers, and their temporary phonological storage, as addressed in the following section.
Working Memory
A number of brain damaged individuals with acalculia have shown dissociation of number operations. Individual patients may show impairments to some but not other components of calculation including the use of number processing rules, access to memorized arithmetic tables and the use of arithmetic operations. This suggests separate cognitive representation for these components of the calculation system, fractionated by brain damage, and provides a basis for independent neural representation (Warrington, 1982; Sokol et al., 1991; McCloskey, 1992; Dehaene and Cohen, 1999) . Working memory (Baddeley, 1986 ) must be involved in all but the most trivial mental calculations. Lesion and functional imaging studies support at least left parietal (supramarginal gyrus) and prefrontal (Broca's area) involvement in verbal working memory (Perani et al., 1993; Burbaud et al., 1995; Vallar and Papagno, 1995) . As discussed above, Paulesu et al. (1993) identified a network for the articulatory loop, in tasks that involving letter rhyming and letter remembering, including some areas that were activated in our two tasks. Specifically, they found Broca's area (BA 44), the superior temporal gyri (BA 22/42), the left supramarginal gyrus (BA 40), and the insula bilaterally. They argued that the left inferior parietal lobe, including the left supramarginal gyrus (BA 40), is the primary location of the phonological store component of verbal working memory and that BA 22/42 is probably involved in phonological processing independent of memory. Left superior temporal, parietal, and frontal association areas were implicated in auditory short-term memory by Perani et al. (1993) . Burbaud et al., (1995) found significant activity in prefrontal areas, mainly in the left middle frontal gyrus during a calculation task that is likely to have engaged working memory. The task entailed the serial subtraction of one of the prime numbers 11, 13, or 17 from a starting prime number greater than 500 (i.e., 500 Ϫ 13, 487 Ϫ 13) although subjects were not required to respond orally.
Dehaene and Cohen's model holds that calculation tasks (e.g., 6 Ϭ 2) first require that the arithmetic facts be transformed into a phonological code (six divided by two) and then accessed from a phonological store (Dehaene and Cohen, 1995) . Recent experimental work confirms the proposed role of the central executive component of working memory in solving simple arithmetic sums (De Rammelaere et al., 1999) . During repetition and also calculation we observed activation in Broca's area, the area most associated with the articulatory loop component of verbal working memory. The repetition task required some involvement of working memory, while the calculation task entailed significant phonological storage in order for subjects to hold the numbers and operations until task completion. The bilateral insular and left supramarginal gyral activation that we observed during calculation may underlie this more demanding aspect of working memory. Thus the separate though interrelated components of auditory working memory-the subvocal rehearsal system (articulatory loop) and the phonological store-appear to be differentially engaged for repetition and calculation tasks. Our data suggest only a weak phonological store involvement for repetition, at least for the undemanding task used in this experiment.
Other Regions
There are connections between the cingulate and parietal regions and the other areas of activation found in our calculation condition, i.e., the insula and the medial thalamus. The insula has direct connections with the cingulate (Flynn et al., 1999) . Others have shown insula involvement in aspects of speech motor programming (Dronkers, 1996) ; phonological decisionmaking (Rumsey et al., 1997) ; and verbal affect (Ardila, 1999) . The PET study of Paulesu et al. (1993) on verbal working memory found activation in the supramar-ginal gyrus (BA 40) as well as the adjacent posterior superior temporal lobe (BA22/42) and the insulae bilaterally.
We also observed small focal activations in the medial thalamus (perhaps the mediodorsal nucleus), which projects to the frontal lobes and is thought to be involved with attention (LaBerge, 1990; Newman, 1995) and also has direct connections with the anterior insula.
Conclusion
In summary, simple calculation of the type used in this study engages a network of regions in the left and right hemispheres underlying attention, decision making, response selection and error detection, auditory and semantic processing, and working memory. This network essentially coincides with the "parietofrontocingular network" of Dehaene and Cohen (1999) . It also includes activity in the bilateral anterior insulae, Broca's area, and supramarginal gyrus, also identified in other studies as components of the working memory network. In this and other studies it is unlikely that the areas of activation are unique to the calculation task, but rather reflect more general, but necessary, cognitive requirements. We are able to add further support to the notion that parietal cortical areas have a special role to play in mathematical thinking. When carrying out calculations there was activation in the region of the supramarginal and angular gyri; in number repetition there was activation of Broca's area, but not the parietal regions.
